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FLOW STRATIFICATION DUE TO GROUNDWATER INFLOW 
IN A SMALL URBAN STREAM  
 
 
Robert J. Ryan12 and Michel Boufadel3 
 
 
ABSTRACT 
 
Conservative solute tracer experiments were conducted in Indian Creek, a small urban stream 
located in Philadelphia, Pennsylvania, USA with estimated low flow rates between 50 L s-1 and 70 L 
s-1.  The stream was typically 5.5 m wide and 0.2 m deep.  Streams of this size are usually modeled 
as one-dimensional, assuming that downstream of some initial "mixing zone", the stream is 
completely mixed both vertically and laterally, and remains completely mixed throughout the 
remainder of the reach of interest.  However, we observed vertical stratification of a tracer cloud in a 
0.95 m deep by 30 m long pool.  The tracer cloud was initially completely mixed both laterally and 
vertically across the stream prior to entering the pool.  We suggest that the cause of limited mixing 
is due to a balance between groundwater inflow and transverse dispersion at the cross section.  We 
show that the unsupported assumption of complete mixing may result in a wide range, and thus 
increased uncertainty, of the values of streamflow parameters, and in particular, the longitudinal 
dispersion coefficient estimated from these data.  We conclude that the assumption of complete 
mixing and one-dimensional modeling must be checked against actual field conditions, even in 
small streams.   
 
 
1. INTRODUCTION 
 
Conservative tracer studies are a common tool used by many researchers to estimate field scale 
parameters for natural streams.  The breakthrough curves obtained from these studies are commonly 
used to estimate dispersion (Thomann and Mueller, 1987; Ryan and Boufadel, 2006a), reach-
average travel time (Verstraeten et al., 1999), inflow (Kilpatrick and Cobb, 1985) and transient 
storage characteristics (Bencala and Walters, 1983; Morrice et al., 1997; Ryan and Boufadel, 2006b; 
Ryan and Packman, 2006;  Ryan et al., 2004; Salehin et al., 2003; Wörman et al., 2002a,b) using a 
one-dimensional model such as TSM (Bencala and Walters, 1983; Runkel, 1998) or ADZ (Beer and 
Young, 1983).   
 However, the assumption of one-dimensional flow is rarely confirmed with field data.  
Typically, it is assumed that downstream of some initial "mixing zone" (Fischer et al., 1979), the 
stream is completely mixed in the cross section and remains so throughout the reach of interest.  
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When this assumption is violated, it is expected that the uncertainty associated with values of 
streamflow and longitudinal dispersion estimated from these studies will increase.  The goal of this 
paper is to quantify the impact of a 'faulty' assumption of sustained complete mix on the estimate of 
longitudinal dispersion.   
 
 
2. SITE DESCRIPTION 
 
Indian Creek begins as an urban stream in Montgomery County in southeast Pennsylvania, USA.  
The stream generally flows north to south and crosses into the western edge of the City of 
Philadelphia, where it is protected as part of the city's Fairmount Park system.  The watershed at this 
location is heavily urbanized, though there is a wide (150-200 m) riparian corridor consisting of 
deciduous forest on steep valley sides (20-25% slope).  The experimental reach was approximately 
320 m long and the injection point (IP) was located approximately 480 m downstream of the City 
boundary, as shown in Figure 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Aerial photograph showing the experimental reach location and tracer injection point 
within the heavily urbanized Indian Creek watershed.  The inset shows the location of the City of 
Philadelphia in the southeast corner of Pennsylvania, along the mid-Atlantic coast of the USA. 
 
 
At low flow (50 – 70 L s-1), the width of the main channel varied from 1 m to 8.9 m and the 
depth varied from 0.05 m to 0.95 m.  The stream slope varied from 0.006 to 0.037.  The lowest 
slope (0.006) was within a 30 m long pool whose head was located 91 m downstream of the IP.  
Within this pool, the stream bank sloped from the left toward the center of the channel at 
approximately 6% to a depth of 0.95 m.  The change in stream bathymetry through this pool is 
.
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shown in Figure 2.  The width-to-depth ratio decreased through the pool from greater than 40 at 
Station 1 to approximately 11 at Station 2.  At 246 m the stream channel narrowed from 
approximately 7 m wide with a 2 m wide center gravel bar to approximately 1 m wide with exposed 
bedrock and large boulders along both banks.  This location marked a transition from a riffle/pool 
system to a step/pool system as the stream crossed from the Piedmont physiographic region to the 
Coastal Plain physiographic region.  Upstream of this location the stream bed consisted of a 
gravel/cobble substrate with a substantial amount of fine sand and silt.  Downstream of this location, 
the stream bed substrate included a significant amount of large boulders (d >1 m) and the stream 
slope increased to its maximum (0.037).  Additional details regarding the site can be found in Ryan 
and Boufadel (2006a, b and c).  
 
 
 
 
 
Figure 2 Wireframe diagram and cross sections of Indian Creek channel between Station 1 and 
Station 2. 
 
 
3. METHODS 
 
Stream tracer experiments were conducted in August 2004 and October 2004 using bromide as the 
conservative tracer (background [Br-] typically < 0.2 mg L-1).   
Four monitoring stations were established downstream of the injection point (IP) as shown in 
Figure 3.  Station 1 was on the downstream side of a riffle at the inlet to the pool shown in Figure 2, 
where the stream narrowed to approximately 4 m.  Station 2 was located in this deep pool 25 m 
downstream of Station 1 (i.e. 116 m downstream of the IP).  Station 3 was located at the riffle/pool 
– step/pool demarcation point 246 m downstream of the IP, and Station 4 was located 320 m 
downstream of the IP.   
Streamflow at the IP was estimated based on velocity measurements obtained using a Global 
Flow Probe Model F201.  A transect was laid out at the IP perpendicular to the direction of flow.  
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The transect was divided into 10 equal intervals, each 0.3 m wide.  Stream velocity was measured at 
the center of each interval, six tenths of the depth below the free surface using the Flow Probe.  The 
volumetric flow rate for each interval was calculated by multiplying the cross sectional area of each 
interval (width of the interval times the depth at the mid-point of the interval) by the measured 
velocity.  The total volumetric stream flow at the IP is then equal to the sum of the volumetric flow 
rates for each interval.  The Flow Probe has an estimated error of approximately 10%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Location of monitoring stations within the Indian Creek experimental reach. 
 
Streamflow at the downstream monitoring stations was estimated using the dilution-tracer 
technique (Zellweger et al., 1989), assuming that the Br- concentration of the inflow is equal to the 
upstream background concentration of Br-.  As shown in Equations 1and 2, at steady state, a mass 
balance on Br- and stream flow yields:  
 
 stastagginjinjuu CQCQCQCQ =++  (1) 
 
and 
  
 
staginju
QQQQ =++  (2) 
 
where, Q is volumetric flowrate (L s-1), C is the Br- concentration (mg L-1), u denotes upstream of 
the injection point, inj denotes injectate, g denotes net groundwater (or other) inflow, and sta 
denotes the downstream monitoring station. 
 If we assume that Cu = Cg (and rename the value Cb) and also define Qb = Qu + Qg, Equations 
1 and 2 reduce to: 
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stastainjinjbb
CQCQCQ =+  (3) 
 
and 
 
 
stainjb
QQQ =+  (4) 
 
Combining Equations 3 and 4 and rearranging yields: 
 
 
bsta
binjinj
sta CC
CCQ
Q −
−= )(  (5) 
 
Thus, the flow at any monitoring station can be estimated from the measured injectate, background 
and station plateau Br- concentrations, and the known injectate flow rate. 
 This stream flow measured at the IP was used to determine the total mass of sodium bromide 
(NaBr) needed to increase the instream concentration by two orders of magnitude from the 
background level which was typically less than 0.2 mg L-1.  Tracer injectate was created by slowly 
adding NaBr to a 1200 L tank as it was filled with stream water using a Burkes 1/3 hp centrifugal 
pump (model 3WPT3A) powered by a Coleman Maxa 3000 generator.  The injectate solution was 
mixed by placing both the pump suction and the pump discharge in the injectate tank and running 
the pump for several minutes until the NaBr was completely dissolved.  The pump was shut down 
and the discharge end of the pump was then connected to a 3 m long perforated PVC manifold 
which was placed across the stream approximately 25 cm above the water surface.  The use of the 
manifold allowed for a more even distribution of injectate across the width of the stream.  The pump 
used in these experiments has a very high rated capacity (> 150 L min-1).  In order to limit the actual 
injection flow rate to the stream, it was necessary to utilize a by-pass (or a recycle line) which 
directed a portion of the injectate back to the suction side of the pump.  
 The injectate (4433 mg L-1 Br-) was added to the stream at a constant rate of about 0.18 L s-1 
for 106 minutes.  The flow rate was checked using a King Instruments floating ball-type flow meter 
attached to the pump discharge.  The exact volume of injectate was determined by multiplying the 
measured injection flow rate times the measured injection time period.   
 Stream water samples were collected either by hand or by the aid of autosamplers.  Manual 
sampling was conducted by dipping 120 ml polypropylene bottles that had been triple rinsed in the 
stream prior to collecting the sample.  Four autosamplers (ISCO Model 3700) were used.  The 
samples were obtained by pumping a volume of 150 mL at a rate of 58.3 mL s-1 at times 
programmed in the autosamplers.  The intake of the autosampler consists of a 12.5 cm long by 3 cm 
diameter polypropylene cylinder with 20 perforations each 0.9 cm in diameter evenly distributed 
over the surface of the cylinder.  
 During a preliminary experiment conducted in August 2004, the extent of transverse mixing 
between the injection point and Station 1 was assessed.  Measurements at Station 1 were obtained at 
the center of the channel and at 0.5 m from the center on both sides.  Sampling at the center was 
conducted using the autosampler, whose sampling interval was set at 6.0 minutes.  Samples at the 
sides were obtained by hand.   
 During the October 2004 experiment, the samples at Stations 1, 3, and 4 were obtained by 
hand from the center of the cross sections.  The sampling interval was 3 minutes.  Those at Station 2 
were obtained by four autosamplers, whose sampling interval was 6 minutes.  The intakes of the 
autosamplers were arranged in a vertical grid as depicted in the cross section for Station 2 shown in 
Figure 2.  Two intakes were placed 3.0 m from the left bank where the water depth was 50 cm.  The 
intakes were suspended vertically in the water column and centered at depths of approximately 15 
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cm and 40 cm.  The remaining two intakes were placed 5.5 m from the left bank where the water 
depth was approximately 100 cm.  At this location, the intakes were suspended vertically in the 
water column and centered at the depths of approximately 15 cm and 90 cm.  The intakes are 
labeled TL (Top Left), BL (Bottom Left), TR (Top Right), and BR (Bottom Right).  The intakes 
were held in place by attaching them to 1.9 cm (5/8 inch) PVC tube using cable ties and sliding the 
PVC tube over 1.25 cm iron rods which had been pounded into the streambed at the appropriate 
location. 
All samples were analyzed using an Orion Ionanalyzer Model 407A with an Orion bromide 
specific electrode and an Orion single junction reference electrode.  One out of every 10 samples 
was run in duplicate.  This analytical method yielded a standard deviation of 5.3% of the reading.   
 
 
4. RESULTS 
 
4.1 Mixing 
 
The extent of lateral mixing was assessed during the August 2004 experiment by sampling the left, 
center and right side of the channel at Station 1.  As reported in Table 1, during the passage of the 
peak concentration and during the falling limb of the breakthrough curve, the variation across the 
channel was less than the analytical uncertainty associated with the measurements (~0.6 mg L-1).  
The streamflow was estimated to be 43.6 L s-1.  At a location 6 m upstream of Station 1, the width-
to-depth ratio was 106, while at Station 1 the width-to-depth ratio was just 49.  There was no change 
in average stream depth (7 cm) over this 6 m subreach and the maximum depth at Station 1 was just 
15 cm.  In October 2004, the average depth at Station 1 was 11 cm and the maximum depth was 19 
cm.  The width-to-depth ratio decreased by 25% (from 56 to 42) within the 6 m subreach 
immediately upstream of Station 1 and the average stream depth increased by just 1 cm (10 cm to 11 
cm) within this section.  These data demonstrate that the stream was completely mixed both 
vertically and laterally at Station 1. 
 
 
Table 1 Lateral variation in tracer concentration at Station 1 during August 2004 experiment 
 
Br- concentration, mg L-1 Portion of BTC 
Sampled Left Side of Channel Center of Channel Right Side of Channel
Peak 12.8 12.8 13.2 
Falling Limb 3.6 3.3 3.6 
 
 
The breakthrough curves for Station 1 and Station 2 obtained from the stream tracer experiment of 
October 2004 are shown in Figure 4.  The standard deviation of the plateau concentrations at 
Stations 1 and 2 varied from 0.16 mg L-1 to 0.38 mg L-1.  This is smaller than the standard deviation 
of the analytical method (5.3% of the reading or approximately 0.6 mg L-1 to 0.7 mg L-1 at the 
observed plateau concentrations).  Therefore, the standard deviation of the analytical method was 
used to analyze the plateau concentrations at each station.  The plateau Br- concentration at Station 1 
averaged 13.6 mg L-1.  This was significantly higher than the mean observed plateau concentration  
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Figure 4 Breakthrough curves for Station 1 and Station 2 for October 2004 injection.  For clarity, the 
breakthrough curve was divided into A) rising limb, B) plateau (note the change in Y-axis scale) and 
C) falling limb.  
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at Station 2-TR (z-test, p=0.1), 2-BR (z-test, p<0.0001), 2-TL (z- test, p= 0.02) and 2-BL (z-test, 
p=0.008).  There was no statistical difference in the plateau concentrations at Station 2-BL (13.1 mg 
L-1), 2-TL (13.0 mg L-1), and 2-TR (13.3 mg L-1).  However, the plateau concentration at Station 2-
BR (11.8 mg L-1) was significantly lower than the observed plateau concentrations at the other 
points within the pool (p<0.001), providing evidence that the stream was not completely mixed in 
the vertical at this point.   
The decrease in plateau concentrations from Station 1 to Station 2 (Figures 4A and 4B) 
indicates that streamflow increased from Station 1 to Station 2, regardless of which breakthrough 
curve data set is used.  Using Equation 5, streamflow was estimated at each station.  At Station 1, 
flow was estimated to be 59.5 L s-1 and at Station 2 flow was estimated to be between 60.9 L s-1 
(Station 2-TR) to 68.8 L s-1 (Station 2-BR).  The average of the estimated flow rates at Station 2 was 
63.5 L s-1.  The variation in plateau concentrations and flow estimates at Station 2 indicates that 
groundwater was entering the stream near the bottom of the pool.  This groundwater diluted the 
tracer concentration and prevented surface water entering the pool from upstream from mixing with 
the bottom water in the pool.  
 
4.2 Longitudinal Dispersion 
 
In addition to the observed change in plateau concentration, the slope of the rising limb of the BTCs 
varied at Station 2, with the BTCs from the Station 2-TL and 2-BL having the steepest  slope and 
the BTC for Station 2-BR having the lowest slope.  The slope of the BTC can be used to estimate 
the value of the longitudinal dispersion coefficient, a basic parameter used in solute transport 
analysis as shown in the one-dimensional advection-dispersion equation (Fischer et al., 1979, p. 51):   
 2
2
x
CD
x
Cu
t
C
∂
∂=
∂
∂+
∂
∂  (6) 
 
where C is the instream concentration (mg L-1); t is time (s); u is the cross-section averaged 
longitudinal velocity (m s-1); x is distance (m); and D is longitudinal dispersion (m2 s-1).  In this 
formulation both water velocity and longitudinal dispersion are assumed to be uniform in space.  At 
large values of time and/or distance, the solution of Equation 6 for a continuous (square wave) input 
causing an initial instream concentration of Co is: 
 
 ( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡
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⎞
⎜⎜⎝
⎛ −=
Dt
utxerfc
C
txC o
42
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where erfc () indicates the complementary error function (Fisher et al., 1979, p 51).   
One simple method of estimating D from an injection of finite time period is to utilize the 
slope of the rising limb of the breakthrough curve, assuming that these data are normally distributed.  
Then, by defining the "width" of the dispersion zone at each monitoring station by the 16th and 84th 
percentile of the plateau concentration (i.e. 2σ from the mean) D can be calculated as shown in 
Equation 8.   
 ( )[ ] ( )  tttuD
50
1684
8
2
 
−=   (8) 
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where ts (s=16, 50, or 84) is the time to reach “s” percent of the plateau concentration.  This assumes 
a completely mixed reached and that the upstream input is a square wave (and thus ts=0 for all "s").  
Since the stream was not completely mixed at the IP and the hydrology within the pool is the focus 
of this work, it would be most appropriate to use Station 1 and/or Station 2 as the upstream station 
in the dispersion analysis of Equation 8.  However, the tracer BTC at these points were not square 
waves and so Equation 8 must be modified to account for an input for which the upstream ts≠0.  
This is shown in Equation 9: 
 
 
[ ] [ ]( ){ } [ ]( ) tt    tttt  u D
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where ts,i is the time to reach "s" percent of the plateau concentration at the downstream (i=d) or 
upstream (i=u) station.  
Table 2 shows the estimated values of D within reach S1-S2, S2-S3 and S2-S4 based on the 
data from the October 2004 experiment using Station 1 as the upstream station.  Within S1-S2, the 
dispersion coefficients varied by a factor of 6 with Stations 2-TL and 2-BL providing the lowest 
value and Station 2-BR providing the highest value.  The variation in the dispersion coefficient 
decreased to approximately 10% in Reach S2-S3 and 5% in Reach S2-S4. 
   
Table 2 Longitudinal Dispersion Coefficient (D, m2 s-1) for Indian Creek from Station 1 to 
Station 4 
 
Sampling Location Within Pool 
Reach Top Right 
Bottom 
Right Top Left 
Bottom 
Left 
S1-S2 0.049 0.087 0.014 0.014 
S2-S3 0.055 0.057 0.060 0.060 
S2-S4 0.072 0.073 0.076 0.076 
 
 
5.0 DISCUSSION  
 
Based on the analysis of multiple BTC at Station 2, there was a clear separation of flow as the 
streamwater entered the deep pool with water from upstream remaining near the surface of the pool 
and groundwater entering from the bottom of the pool with limited vertical mixing.   
In addition, an examination of the BTC's in Figure 4A and 4C shows that the tracer 
concentration on the left side of the channel lagged that of the right side.  At each time step of the 
rising limb (Figure 4A), the left side concentration was less than the top right side concentration.  A 
similar phenomenon is observed in the falling limb of the BTC (Figure 4C) where the left side 
concentration at each time step is higher than the right side.  This is a common occurrence and is 
caused by transverse velocity shear (Rutherford, 1994).  Stream velocity is highest in the center of 
the channel and lowest near the streambank and streambed.  Thus tracer arrives at, and is flushed 
from, the center of the channel faster than the channel sides.  However, the net effect is to induce 
only a slight delay in downstream solute transport.  As shown in Figure 4B, the left side and top 
right achieved the same plateau concentration within a few minutes of each other.   
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The tracer concentration observed in the bottom right side of the pool also lagged the top right 
during the rising limb of the BTC suggesting vertical velocity shear.  However, in contrast to the left 
side, the bottom right never achieved the plateau concentration observed near the surface of the 
pool.  The presence of a lower plateau concentration suggests that at the observed steady state 
conditions, tracer in the bottom right side of the pool was being diluted by incoming groundwater 
with a low Br- concentration.   
The dispersion coefficients calculated from the shape of the rising limb of the BTC will 
incorporate the effects of transverse velocity variation as well as groundwater inflow.  As reported 
in Table 2, D varies by a factor of 6 in Reach S1-S2.  Given the importance of longitudinal 
dispersion to downstream transport, this variation is unsatisfactory.  The true reach average 
dispersion coefficient is likely within the range of the values obtained from the four BTC.   
In order to evaluate the impact of the pool hydrology on downstream transport it is helpful to 
recognize that in most field studies only one estimate of D is available for each reach.  Thus, 
"average" values of D are reported in Table 3.  The average values were calculated in two ways.  
The first "average" ( D ) was the arithmetic average of the D values obtained using the four 
individual BTC for Station 2.  The second "average" (D
BTC
) was obtained using an "average" BTC 
at Station 2 constructed by averaging the observed tracer concentrations at each time step.  This 
average BTC is a hypothetical construction of what may have been observed had only one 
autosampler been deployed at Station 2, near mid-channel and mid-depth.  The ratio of D /
BTC
D  
indicates the amount of error imparted in the estimate of D when the assumption of complete mix is 
faulty.  As reported in Table 3, for Reach S1-S2, the value of D  was approximately 1.7 times higher 
than the value of D
BTC
.  Thus, the use of a single sampling location and the 'faulty' assumption of 
complete mix in this reach would have underestimated D by more than 58%.     
 
 
Table 3 Reach average dispersion coefficients.  D  (m2 s-1) is the arithmetic average of the 
dispersion coefficients.  
BTC
D  (m2 s-1) is based on the "average" BTC.  See text for details.   
 
Reach 
S2 Ave  
( D ) 
"Ave" S2 
BTC 
(
BTC
D ) D /
BTC
D  
S1-S2 0.041 0.024 1.71 
S2-S3 0.058 0.071 0.82 
S2-S4 0.074 0.088 0.84 
 
 
The incomplete mixing of Reach S1-S2 and the variation in the estimate of the dispersion 
coefficient imparted uncertainty to the estimate of the dispersion coefficient in downstream reaches 
as well.  While the variation among the four dispersion coefficient estimates is small in Reach S2-S3 
and S2-S4 (Table 2), there is significant variation between the average of these values and the value 
obtained from an average BTC.  As reported in Table 3, in Reach S2-S3, D /
BTC
D  was 0.82 and in 
Reach S2-S4, D /
BTC
D  was 0.84.  Reach S2-S3 is 130 m long and there is an 18% error in the 
estimate of D.  Reach S2-S4 is 204 m long or 74 m longer than S2-S3 and there is still a 16% 
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variation in D.  Thus, the error in the dispersion coefficient is only slowly decreasing (i.e. 
D /
BTC
D is approaching 1) in the downstream direction. 
 
 
6. CONCLUSIONS 
 
When tracer studies are undertaken, it is often assumed that the stream is completely mixed and thus 
can be treated as a one-dimensional system.  This assumption can be erroneous even in a small 
urban stream such as Indian Creek, located in Philadelphia, Pennsylvania, USA.  Vertical flow 
stratification was observed in a 1 m deep pool, likely due to groundwater inflow.  In addition, a lag 
in the rising and falling limb of the BTC on the left side compared to the right side of the pool was 
likely due to transverse velocity shear.  This variation in BTC resulted in estimates of dispersion 
which varied by a factor of 6 within this pool.  The reach-average value of D varied by as much as a 
factor of 1.71.  While the variation in reach-averaged D decreased slightly in the downstream 
direction, the signature of this pool was observable at least 200 m downstream of the pool.   
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